biosynthesis. The incorporation of [3HJthymidine into the acidinsoluble fraction of root tips of intact 5-day-old squash plants was decreased significantly after only 6 h boron deprivation and was reduced by 66% when boron was withheld for an additional 6 h (19) . Similar experiments using autoradiography revealed that the incorporation of [3H]thymidine into root apical meristems of 5-day-old squash plants ceased after 20 h boron deprivation (8) .
When these plants were returned to a boron-sufficient medium for 12 h, autoradiographs showed that their incorporation was indistinguishable from that of boron-sufficient root tips (8) . These observations suggest that DNA synthesis is impaired under conditions of boron deficiency. Several workers (1, 7, 14, 16) cursors into RNA provide evidence that RNA synthesis is also impaired during boron deficiency. For example, Sherstnev and Razumova (29) reported decreased incorporation of ["4Cladenine into RNA of boron-deficient sunflower leaves and roots; while other workers have demonstrated increased incorporation of [14Cluridine (7) and [14CJorotic acid (36) into RNA in borondeficient mung bean root apices and cotton ovules, respectively. These reports suggest that the utilization or the level of available purine or pyrimidine nucleotides, or both, is altered by boron deprivation.
We were particularly interested in the observation (30) that plants growing in the absence of boron could be protected from developing boron-deficiency symptoms by adding a hydrolysate of yeast RNA to the nutrient solution. Work in our laboratory (2, 15, 16) , and elsewhere (4, 5) tested the effects of both purine and pyrimidine bases on plant growth to determine which component(s) of the RNA hydrolysate afforded this protection. Intact plants and isolated organs cultured in the absence of boron were protected to varying degrees from developing boron deficiency symptoms when pyrimidine bases were added to the medium.
This result was taken as evidence that the state of boron deficiency may, in fact, be a case of pyrimidine starvation. Such an interpretation was supported by the observations that both barbituric acid and 6-azauracil, known inhibitors of pyrimidine biosynthesis (13, 25, 26) , produced symptoms identical with those of boron deprivation (2, 5, 16) . Various investigators (5, (19) (20) (21) 36) have suggested that boron deficiency results in impaired de novo biosynthesis of pyrimidine nucleotides. Such impairment could occur through either a loss in amount of one or more enzymes or enhanced sensitivity of the de novo pathway to end product inhibition. Starvation for pyrimidine nucleotides could also result from an inability of boron-deficient plants to salvage or reutilize pyrimidine bases or nucleosides, or from an acceleration of pyrimidine catabolism.
In this communication, we report the results of a comparison of the capacity of roots from boron-sufficient (+B)3 and borondeficient (-B) squash plants (Cucurbita pepo L., cv. Early Prolific straightneck) to synthesize uridine nucleotides de novo. We also include an examination of the possibility that boron deprivation interferes with the mechanism regulating the de novo pathway through end product inhibition. In addition, since catabolism opposes de novo biosynthesis, we also assessed the capacity of +B and -B roots to catabolize uridine and uracil. Finally, we measured salvage activity for the reutilization of pyrimidines during these two states of boron nutrition. 
RESULTS
Effects of Boron Deprivation on Root Growth. One of the earliest symptoms of boron deficiency is inhibition of root elongation. When 5-day-old squash plants hydroponically cultured in boron-sufficient (+B) medium are transferred to a boron-deficient (-B) medium, a measurable reduction in the rate of root elongation occurs within 6 h ( Fig. 1) . By 18 h boron deprivation, root elongation has essentially stopped. Metabolic studies routinely employed root segments excised from 6-day-old squash plants which had been transferred to boron-deficient medium for the last 30 h culture. Root elongation was approximately 6 mm during this entire 30-h period of boron deprivation, with over half the growth occurring during the first 6 h. By comparison, root elongation in +B plants was 44 mm during the same period. Cessation in root growth in -B plants was accompanied by other visible changes: (a) increase in the diameter and weight per unit length of lateral root apices; (b) initiation of lateral root primordia almost to the root tip which develops a lateral hook; and (c) browning of the terminal root tissue. Apical root segments excised from plants deprived of boron for 24 and 30 h weighed 30%o more than equivalent root segments from +B plants of the same age (Table  I ). This increase in weight was not due to an increase in cell number ( Table I ).
The viability of the -B plants was assessed by testing their ability to resume root elongation at a rate equal to that of the +B plants of the same age when transferred to +B nutrient solution.
The rate of root elongation in plants deprived of boron for 24 and 30 h equaled that of +B plants within 24 h following transfer to +B medium (Fig. 2) .
De Novo Biosynthesis of Uridine Nucleotides in +B and -B Roots. We previously demonstrated the occurrence of the complete orotic acid pathway in boron-sufficient squash roots (22) , provided evidence that end product inhibition functions as a mechanism regulating the activity of the de novo pathway in this tissue (22) , and characterized the activity of this pathway in roots excised from 2-day-old and 6-day-old plants (22, 23) . The activity of the orotate pathway in 6-day-old roots was approximately 2% of that observed in 2-day-old roots. There is indirect evidence that the reduced activity in older plants is due, at least in part, to a greater pool size of end product inhibitors of the pathway (23) . This evidence includes (a) the insensitivity of incorporation of Sucrose was added to the preincubation and incubation mixtures at a final concentration of 100 mM in each case. Uridine, when added, was added to the incubation mixture only at a final concentration of 0.5 mm.
NaH"4C03 was provided in the incubation mixture at a concentration of 10 mM and at a specific radioactivity of 1650 dpm/nmol and 6600 dpm/ nmol for experiments employing 2-day-old and 6-day-old roots, respectively. When the results for more than two experiments are reported, the values are shown as averages ± SE with the number of observations given in parentheses. Additions nucleotides. The basal level of pyrimidine biosynthesis was not altered by 30 h ofboron deprivation; incorporation ofNaH"CO3 into XUMP was 2.3 ± 0.2 and 2.1 ± 0.1 nmol/g tissue (average value ± SE; n = 6) during the 3-h incubation of terminal 3-cm root segments from +B and -B plants, respectively. In addition, pyrimidine biosynthesis was accelerated to a.comparable extent by sucrose in both states of boron nutrition, and uridine was equally effective in antagonizing the action of sucrose in both cases (Table III) .
These responses and the additional observation that exogenous uridine alone is without effect on pyrimidine biosynthesis in both boron-deficient and boron-sufficient roots, provide evidence that the orotate pathway and its regulation are not impaired during boron deprivation. In addition, they suggest that the level of the pyrimidine end product responsible for the feedback inhibition is similar in both states of boron nutrition.
Salvage of Uracil and Uridine in +B and -B Roots. It was established previously that plants utilize exogenously supplied pyrimidine bases and nucleosides for nucleotide biosynthesis (27) . (Table IV) .
We also examined the possibility that changes in pyrimidine metabolism resulting from different states of boron nutrition may have been obscured by our using 500-mg samples of terminal 3-cm root segments. Available evidence demonstrates that boron is essential for the normal functioning of root apical meristems (1, 3, 6, 9, 15, 16, 24, 31) . However, little is known about the sensitivity of root cells in the elongation and differentiation zones to boron deprivation. One study addressed this question. Using squash roots, Cohen and Lepper (9) confirmed that withholding boron for 24 h resulted in cessation of mitosis in the apical meristem (8, 15) , but found that cell elongation and differentiation in squash roots were not altered by boron deficiency for up to 72 h. Thus, withholding boron for 30 h may result in impaired pyrimidine metabolism only in the root apex. This alteration could be masked in our assays employing 3-cm terminal root segments by 2.5 cm tissue which may still be capable of normal pyrimidine metabolism. In addition, since 3-cm root segments from -B plants weigh more, but have approximately the same number of cells as +B root segments (Table I) , fewer cells are contained in the assays employing 500 mg 3-cm root segments from -B plants. We tested the possibility that these variables might have obscured changes in pyrimidine metabolism brought about by boron deprivation by repeating the assays with a fixed number of root tips (250) comprising only the apical 5 mm. While the bulk of activity was, indeed, in the apical 5 mm (e.g. de novo synthesis was 4 times greater per mm and 6 times greater per mg apical root tissue than subapical tissue), our findings were consistent with those obtained with 500-mg samples of terminal 3-cm root segments (Table V) .
There was no evidence of impairment of pyrimidine biosynthesis in either the apical 5-mm root tips or in the following subapical 2.5-cm segments resulting from boron deprivation. In addition, the following factors were taken as evidence that the regulation of the orotate pathway through end product inhibition also was not altered in the apical 5-mm root segments from boron-deficient plants: (a) the activity of the orotate pathway was insensitive to the addition of 0.5 mm uridine; (b) the pathway's activity was stimulated 13-fold by the addition of 100 mm sucrose; and (c) this (8, 15, 19) . Cessation of elongation resulting from boron deficiency can be partially overcome in roots (16) and cotton fibers (5) by the addition of various pyrimidine nucleosides and bases. Symptoms characteristic of boron deficiency can also be induced by the addition of 6-azauracil or barbituric acid, known inhibitors of pyrimidine biosynthesis (13, 25, 26) . These observations strongly suggested to us (19, 21) and others (5, 20, 36 ) that boron plays a fundamental role in pyrimidine metabolism. The hypothesis that boron is essential for maintaining adequate levels of pyrimidine nucleotides unifies several of the roles for boron reported in the literature. The ability of pyrimidine bases to protect plants cultured in the absence of boron from developing the symptoms of boron deprivation and the effectiveness of 6-azauracil in mimicking the symptoms of boron deficiency have been observed in dividing cells without concomitant maturation (root meristem cells of intact tomato and squash plants [2, 15, 16] ) and in elongating cells which do not undergo cell division (in vitro cotton fiber development [4, 5] ). Boron deprivation has also been shown to influence carbohydrate metabolism. Dugger and co-workers (5, 10, 36) have provided evidence that boron deprivation results in reduced UDP-glucose formation. This would result in reduced sucrose synthesis (10), increased starch formation (11), and interference with normal cell wall formation (12, 17, 18, (33) (34) (35) to an impairment of the utilization of uridine nucleotides for the synthesis of cytidine or thymidine nucleotides or an alteration in the interconversion of nucleotides for the provision of adequate levels of pyrimidine mono-, di-, and triphosphates remains to be examined.
In two separate experiments, the incorporation of NaH'4CO3 into ZUMP was stimulated 7-fold by adding 0.1 M sucrose; stimulation of pyrimidine biosynthesis by added sucrose is consistent with release of the orotate pathway from end product inhibition as the end product inhibitor is depleted during the formation of pyrimidine nucleotide-sugars. It may be significant that sucrose was as effective in stimulating de novo activity in +B roots as in -B roots. This observation provides indirect evidence that depletion of feedback inhibitors through the synthesis or pyrimidine nucleotide-sugars occurs at a similar rate in both states of boron nutrition and provides further evidence that the capacity of -B roots to synthesize pyrimidine nucleotides de novo is not impaired. However, stimulation of de novo uridine pyrimidine biosynthesis by sugars must not be taken as evidence that the formation of all species of pyrimidine nucleotide-sugars is normal in -B tissue. Indeed, reports that UDP-glucose formation is reduced under boron-deficient conditions (5, 10, 36) underscore the need to identify the pyrimidine nucleotide-sugars formed when roots from +B and -B plants are provided with sucrose.
Withholding boron from 5-day-old squash plants for 24 or 30 h had no effect on the capacity of roots to salvage uracil or uridine, and the catabolism of these two compounds was either unaffected or only slightly increased. Whether a slight increase in catabolism would cause significant perturbations in the pool size of specific pyrimidine nucleotides is not known, but emphasizes the need to determine the levels of the various pyrimidine nucleotides available during these two states of boron nutrition.
Thus, two possibilities remain to be investigated: (a) whether the interconversions of UMP, UDP, UTP, and UDP-glucose or the synthesis of the ribonucleotides and deoxyribonucleotides of cytidine or thymidine are impaired under conditions of boron deficiency, and (b) whether the utilization of a particular pyrimidine nucleotide in a specific metabolic process might be impaired under conditions of boron deficiency.
